Abstract-Designing a control strategy of two-wheeled wheelchair is a very challenging task due to the unstable and highly nonlinear system. In the paper the system is modeled by mimicking a double-link inverted pendulum concept and the mathematical equations is derived using Euler-Lagrange method. Then the state-space representation is applied to the Simulink block diagram in Matlab. The control parameter of the system is compared between trial-and-error method and Particle Swarm Optimization (PSO) algorithm. This strategy is to find the optimal value for the system to get better performance. The system will be simulated using Fuzzy Logic Control (FLC) and FLC-PSO using Matlab/Simulink environment. Simulation results show that the FLC-PSO is better than FLC in terms of overshoot and settling time.
I. INTRODUCTION
Wheelchair is an important device for disabled and elderly. Normally, the wheelchair user will become independent by using it for their daily routine. The dependence on caregivers or family members can be reduced and the feelings of selfreliance will be increased indirectly [1] .
In Malaysia the use of wheelchair as a main means of transport among disabled and elderly has becoming more important issue especially in terms of public facilities and support for wheelchair users. Though independence is encouraged among wheelchair users, less local products of wheelchair are developed to fulfill the needs of wheelchair users, where most of the latest applications of wheelchair come from the western countries, particularly from U.S, which definitely are more expensive and complex.
The two-wheeled wheelchair system uses the same concept as double-link inverted pendulum which has surfaced over the years for balancing control and is known as very unstable system. The inverted pendulum mechanism varies from rotational [5] and cart [2] [3] [4] to inverted pendulum system on two wheels [6] [7] [8] [9] .
Several control approach had been done in order to stabilizing a double-link inverted pendulum system on two wheels. There are including Neural Network base controller [10] [11] , Fuzzy Logic base controller [12] [13] [14] , hybrid LQRFuzzy controller [15] [16] and swing-up scheme control [21] . In addition, the existing research also covered on PD controller [24] , cascading PID controller [25] and group of Sliding Mode Controller (SMC) [17] [18] [19] [20] .
Fuzzy Logic Control is one of the ideal controllers to control a nonlinear system and where the system specifically complex [22] . Generally, the parameters for input scaling factors and the output scaling factors will be adjusted using a trial-and-error process. In this paper, the PSO will be employed to the system to replace the trial-and-error approach with the optimization approach in order to reduce the time consuming using trial-and-error. PSO was introduced by James Kennedy and Eberhart in 1995 and it has undergone many changes by time its introduction [27] . PSO is a one of the simple optimization to realize the algorithm.
The subsystems of the system are divided into wheel displacement, first link and second link respectively (the idea is come from [22] ). In this approach, the two-wheeled wheelchair is mimicking the double-link inverted pendulum concept. The state-space representation will be derived from a mathematical derivation of a double-link inverted pendulum system. Then, it will be simulated using Matlab to see the result of wheel displacement, angular link 1 and angular link 2. The system is stable if the distance of the wheel movement is close to 0 meter while both of angular link 1 and angular link 2 are 0 degrees at upright position. This paper is organized as below. In the section II, the system's modelling is derived and the linear state space is produced. In the section III, the FLC is designed. In the section IV, the PSO is applied to get the optimal value of parameters. In the section V, the results of the simulation are analyzed. The conclusion is explained in section VI.
II. MODELLING
Lagrangian approach is more appropriate to use to the multi-link complex system such as two-wheeled wheelchair. The Lagrangian is based on the energy calculation of the physical system and the derivation of the energy is simpler than other approaches. It is because; the energy based is independent of vector representation. The differentiation equations that are describing the dynamic behavior are replaced with the state-space representation of the system with a single first order matrix differential equation. As know, the state-space representation is can be easily analyzed using Matlab software.
The Euler-Lagrange method is used to derive the nonlinear differential equations. The derivation of both kinetic energy and potential energy is first used Lagrangian Dynamics by selecting the generalized coordinate of the double link inverted pendulum. The Lagrangian equations applied to obtain the non-linear equations. All data of parameter taken is referring the actual hardware by T. Altalmas [23] as shown in Table I for the parameters that were used in the system. The schematic diagram in Fig. 1 shows that the system has three degree of freedom (3-DOF). Thus  is the angular position of the link 2.
The energy equations will be derived from the predetermined position of three sub system. There are the energy equations of wheel, the energy equations of link 1 and the energy equation of link 2. Then the velocity will be substituted in the kinetic energy equation. The kinetic energy equation, 22 11 22
The potential energy equation, 2 is the schematic diagram of wheel. The kinetic energy of the wheels is evenly distributed disc combines both of the translation and rotational kinetic energy of the driving wheels. The kinetic energy of the wheels,
B. Energy Derivations of Wheels
The potential energy of the wheels, 0
The reason potential energy of the wheels is equal to 0 because assuming the wheels considered touching the ground all the time. The kinetic energy of the link 1,
The potential energy of the link 1, The kinetic energy of the link 1 can be obtained as,
D. Energy Derivations of Link 2
The potential energy of the link 2,
E. Euler-Lagrange Equation of Motion
The Lagrangian equation is given by substitute the total of kinetic energy and the total of potential energy,
The state-space representation can be obtained from the Lagrange's equation,
The Lagrangian equation for every generalized coordinate of the entire sub-system is,
F. State-Space Representation
After the mathematical derivation had been done, the final state-space equations is obtained, x Ax Bu  (14) y Cx Du  
III. FUZZY LOGIC CONTROLLER (FLC'S)
The state-space representation was tested using FLC's controller to see the stabilization of the system. The Simulink block was used to obtain the simulation result. Fig. 5 is the general block diagram for the multi input multi output (MIMO) for the system and Fig. 6 is the input output scaling factor with apply the PSO. While the real Simulink block for the FLC's controller shown in Fig. 7 .
The Mamdani type of membership function had been chosen to create the controller of the system. It is including error, change of error and the output. Fig. 8 is the membership function for the system. The figure shown that, the entire membership is 50% intersection between each component of NB, NS, Z, PS and PB. The shape of membership is Gaussian.
Fuzzy variable is same for input 1 which is and input 2 which is change of error. The Gaussian Curve membership are selected for input 1, input 2 and output 3 because it more precise compare to other shape. Then, the range and parameter of membership in fuzzy logic control is selected based on the general values. The rules of the system are created by 5x5 membership function as shown in the Table II . This system used 5 fuzzy variables which is negative big (NB), negative small (NS), Zero (Z), positive small (PS) and Positive Big (PB). IV. PARTICLE SWARM OPTIMIZATION (PSO) PSO algorithm is developing to get optimal values for the input scaling factors (K1, K2, K4, K5) and the output scaling factors (K3, K6) of the system as shown in the Fig. 7 . PSO is one of the easier optimization approaches to implement to the system because it only has one operator which is velocity calculation. The entire control parameters that need to be tuned in PSO were represented as particles in swarm. Every of the particles are assigned position and velocity that was updated to get the best result.
As originally develop the PSO, inertia weight decrease linearly from maximum weight to minimum weight which from 0.9 drop to 0.4 during optimization and it was set according to the equation, 
The parameters of the PSO algorithm are shown in Table  III , while the velocity of each particle is accelerated toward local best position and global best position by following equation [26] , 11 ( 1) ( ) ( Table IV . The wheel displacement of the system is shown in Figure 9 . The angular displacement of link 1 and link 2 shows in Figure  10 and Figure 11 respectively. The comparison between FLC and FLC-PSO was shown in Table V Fig. 9 shows that the linear motion of wheel displacement for FLC-PSO produce better performance than FLC. It is because the system the system does not travel far from 0 meter. The graph also shows that the FLC-PSO deviate smaller than FLC.
The performance of the system can be seen clearly based on the information stated in Table V that was taken based on the graph in Fig. 10 and Fig. 11 . Rise time for both approaches of angular link 1 and angular link 2 are same which is on 2s. Both angular displacement of two-wheeled wheelchair can be stabilized in the upright position by achieving 0 degree much faster by applying the FLC-PSO to the system in order to get the optimal values of tuned parameters.
In addition, the peak overshoot of the system also less using FLC-PSO compared to FLC for tuning the input/output scaling factors. This is due to the FLC will produce a high overshoot before the system can stable in the upright position.
VI. CONCLUSION
The paper has been discussed the modelling approach of wheelchair on two-wheels using FLC-PSO. The mathematical equations have been derived based on a double-link inverted pendulum structure. Then, it is represented as a state-space model of a two-wheeled wheelchair. The model has been tested using FLC controller and its shows the system able to stable at upright position with a good simulation result. The result shows the system get a better performance when applied with PSO to get optimal values for the system in term of settling time, rise time, peak overshoot and peak undershoot.
